Darling RA, Ritter S. 2-Deoxy-D-glucose, but not mercaptoacetate, increases food intake in decerebrate rats. Am J Physiol Regul Integr Comp Physiol 297: R382-R386, 2009. First published June 3, 2009 doi:10.1152/ajpregu.90827.2008.-We examined food intake in chronically maintained decerebrate rats in response to two antimetabolic drugs known to stimulate food intake, 2-mercaptoacetate (MA) and 2-deoxy-D-glucose (2DG). MA reduces fatty acid oxidation, and 2DG reduces glucose utilization. Because previous work has shown that insulin-induced hypoglycemia increases food intake in decerebrate rats, we predicted that 2DG would have this same effect. MA-induced feeding requires vagal sensory neurons that terminate in the hindbrain. Cholecystokinin-induced suppression of feeding, which likewise requires vagal sensory neurons, has been shown to suppress food intake in decerebrate rats. Therefore, we predicted that MA's effects on feeding would also persist in decerebrate rats. In our experiments, the test diet (40% milk, diluted with water) was infused intraorally through a chronic cheek fistula. We found that sham controls consumed 258% and 230% of their baseline milk intake in response to 2DG and MA, respectively. Decerebrates consumed 239% of their baseline milk intake in response to 2DG, but did not increase their intake in response to MA. Because decerebration separates the hindbrain from the forebrain, these results indicate that 2DG-induced glucoprivation is capable of acting within the hindbrain to activate fundamental reflex circuitry for consummatory feeding responses, as shown previously for hypoglycemia. In contrast, MA affects food consumption only after forebrain processing of MA-induced vagal afferent signals and in the presence of intact ascending and descending neural pathways. glucoprivic feeding; lipoprivic feeding; consummatory feeding responses; vagus nerve; hindbrain DECEREBRATION IS A PROCEDURE in which all neural connections between the hindbrain and forebrain are surgically transected. Decerebrate rats can be maintained chronically, and studies of such rats have generated important insights into the fundamental functional organization of the nervous system, including the organization of ingestive behavior and certain metabolic controls (7-9, 12, 13, 16, 17, 22, 39). Decerebrate rats cannot engage in appetitive behaviors, but they retain consummatory ingestive reflexes that allow them to accept or reject liquid food infused directly into their mouths. Previous work has shown that these reflexes can be modulated in decerebrate rats by certain signals known to control food intake in intact rats, including CCK and glucagon-like peptide-1 (GLP-1), which inhibit food intake (15, 17) , and insulin-induced hypoglycemia (8), which stimulates food intake. Because the decerebration procedure restricts the central neural integration of feeding stimuli and responses to the caudal brain stem, the fact that GLP-1 and CCK reduce food intake in decerebrate rats indicates that neural circuits responsive to these peptides are capable of directly controlling hindbrain consummatory feeding reflexes without forebrain input.
DECEREBRATION IS A PROCEDURE in which all neural connections between the hindbrain and forebrain are surgically transected. Decerebrate rats can be maintained chronically, and studies of such rats have generated important insights into the fundamental functional organization of the nervous system, including the organization of ingestive behavior and certain metabolic controls (7-9, 12, 13, 16, 17, 22, 39) . Decerebrate rats cannot engage in appetitive behaviors, but they retain consummatory ingestive reflexes that allow them to accept or reject liquid food infused directly into their mouths. Previous work has shown that these reflexes can be modulated in decerebrate rats by certain signals known to control food intake in intact rats, including CCK and glucagon-like peptide-1 (GLP-1), which inhibit food intake (15, 17) , and insulin-induced hypoglycemia (8) , which stimulates food intake. Because the decerebration procedure restricts the central neural integration of feeding stimuli and responses to the caudal brain stem, the fact that GLP-1 and CCK reduce food intake in decerebrate rats indicates that neural circuits responsive to these peptides are capable of directly controlling hindbrain consummatory feeding reflexes without forebrain input.
In the present experiment, we examine the effect of decerebration on consummatory feeding responses induced by systemic administration of 2-mercaptoacetate (MA), which reduces fatty acid oxidation (2) , and 2-deoxy-D-glucose (2DG), which reduces glucose utilization (4) . The stimuli arising from these antimetabolic drugs activate the only two known controls of food intake that appear to be derived from ongoing substrate metabolism. Thus, it is of fundamental significance to understand the neural organization of these two controls.
The lipoprivic control is dependent on vagal sensory neurons. Surgical transection of the subdiaphragmatic vagus nerve (23, 34) , chemical lesion of vagal afferents by systemic capsaicin administration (33) , lesion of sensory terminals in the nucleus of the solitary tract (6), subdiaphragmatic vagal deafferentation (3), and lesions in the visceral afferent projection to the lateral parabrachial nucleus and central nucleus of the amygdala (6, 31) all abolish MA-induced feeding. Mercaptoacetate-induced Fos expression in the nucleus of the solitary tract (NTS) and other brain sites is also eliminated by subdiaphragmatic vagotomy (29) . Because vagal afferent neurons terminate in the hindbrain, the hindbrain is likely to be involved in the processing of signals involved in MA-induced feeding. Moreover, the suppression of feeding in response to CCK, which also requires vagal sensory neurons (42) (43) (44) , is not abolished by decerebration (15) . Therefore, we hypothesized that MA would stimulate feeding even in chronic decerebrate rats.
The glucoprivic control can be activated by central glucoprivation (25) and does not require the vagus nerve. However, glucoprivic feeding is heavily dependent on the hindbrain. Glucoreceptor cells capable of eliciting a feeding response to localized glucose deficit are located in the hindbrain (1, 8, 27, 30) , and elicitation of a number of key glucoregulatory responses, including glucoprivic feeding, require hindbrain catecholamine neurons (19, 20, 24, 28, 35) . Furthermore, it has previously been shown that hypoglycemic doses of insulin, which also produce glucoprivation, increase feeding in decerebrate rats (8) . Therefore, we predicted that 2DG would increase consummatory feeding responses in decerebrate rats. However, insulin is a hormone with multiple actions on peripheral substrate utilization and complex actions throughout the neuroaxis (36, 45) . In previous work reporting hypoglycemia-induced feeding in decerebrate rats, no controls were included in which glucose was clamped at normal levels to evaluate the effects of hyperinsulinema itself on food intake. Although the central effects of insulin are usually associated with decreased feeding in the intact rat (45) , the effects of insulin on consummatory feeding responses have not been studied in the normoglycemic decerebrate rat. If the present study reveals that 2DG, like insulin-induced hypoglycemia, increases consummatory feeding responses, a crucial role for insulin per se in producing these effects could be ruled out.
MATERIALS AND METHODS
Animals. Adult male Sprague-Dawley rats were obtained from Simonsen Laboratories (Gilroy, CA). Rats were housed individually in suspended wire-mesh cages, under standard American Association for Accreditation of Laboratory Animal Care-approved conditions, in a temperature-controlled room (21 Ϯ 1°C), and with a 12:12-h light-dark cycle (0700 to 1900) until decerebration was completed. Rats had ad libitium access to pellet rat chow (Harlan Teklad F6 Rodent Diet W, Madison, WI) and tap water prior to complete decerebration. All protocols were approved by Washington State University Institutional Animal Care and Use Committee.
Preparation of animals. Rats were prepared for experimentation by stereotaxic decerebration. The decerebration was conducted in two stages, using a procedure previously described in detail (14) . A midline incision was made in the skin to expose the skull, and a fine cut was made in the coronal plane across the dorsal surface of the skull 60% of the distance from bregma to lambda. A hemisection of the neuroaxis was made at the mesodiencephalic juncture using a hand-held blunted L-shaped spatula. The skin incision was closed. Each rat was allowed to recover for 2 wk before the procedure was repeated on the other side to produce a complete transection of the neuroaxis. The control rats were treated in the same manner (shamoperated), but the spatula was not inserted into the brain. Cheek fistulas were implanted at the time of the second surgery in both chronic decerebrate (CD) and control animals. Cheek fistulas were implanted through the skin rostral to the first premolar. The design of the fistula and implantation procedure have been described previously (19) .
Care of decerebrate animals. Following decerebration, rats were housed as pairs in Plexiglas cages. Cages were placed on top of a wire mesh tray over a heating pad, connected to a timer set for a 30 min on/60 min off heating cycle. Cage bedding was changed daily. Control and CD rats were fed by gavage 3 times each day (9 ml/feeding), with a nutritionally complete liquid diet (2.5 kcal/ml), used in previous studies to maintain chronic decerebrate rats (16, 26) . The powdered diet was suspended in water and freshly made before each feeding. Feedings occurred at 0800, 1500, and 2200. This procedure was adequate to maintain body weights in both controls and decerebrates. During the first week after the complete decerebration, body temperatures were monitored closely, every 1-2 h during the light phase of the light-dark cycle, using a rectal thermometer. If an animal's body temperature fell below 34 C, the animal was placed near a heating unit and monitored until body temperature recovered to normal. After the first week, body temperatures were measured only once a day, just prior to the morning gavage feeding, unless closer observation was needed. Feeding tests were initiated ϳ1 wk after surgery. Both groups were habituated to the test cage, and the intraoral infusion protocol prior to the feeding tests.
Feeding tests. Decerebrate and control rats were tested for feeding in response to MA (thioglycolic acid, 68 mg/kg, 46 mg/kg or 91 mg/kg ip; Sigma-Aldrich, St. Louis, MO), 2DG (Sigma-Aldrich, 200 mg/kg sc), and 0.9% sterile saline (1 ml/kg). One saline test was conducted before the 2DG test and one was conducted before the MA test. Feeding tests were initiated 2 h after the morning gavage feeding. Before each feeding test, fistulas were cleared with a blunted 26-gauge needle and an infusion tip, connected to a syringe pump by Silastic tubing, was screwed onto the fistula. The tubing was supported above the rat's head so that the rat could move freely in the test cage. For feeding tests, liquid food (lactose-free whole milk diluted to a 40% solution with tap water) was infused intraorally through the cheek fistula (0.8 ml/min) beginning 60 min after drug or saline injection. The milk was infused in successive 5-min intervals with a 1-min break between. Infusions continued until rats refused the milk solution three consecutive times by allowing the milk to drop out of its mouth (15-s refusal, followed by a 30-s break). Spillage was monitored. The amount of milk consumed minus the spill was calculated. After the testing was complete, the calibrated flow rate and remaining volume were checked to ensure that the calibrated and actual flow rates did not differ. Previously, we showed that both MA and 2DG stimulate consummatory feeding in intact rats using the same milk test diet and the same protocol for intraoral milk delivery and the same drug doses (19) . Tests were conducted in the following order: saline, 2DG, saline, MA, with a rest day following the 2DG test.
Evaluation of decerebration. The brain tissue was embedded into a 12% gelatin block, cryoprotected by soaking in a 20% sucrose solution, sectioned sagittally (40 m) using a cryostat and stained with cresyl violet. The completeness of the decerebration was then assessed by microscopic examination.
Data analysis. Test results from CD and sham groups were analyzed separately using one-way repeated-measures ANOVA followed by the Holm-Sidak post hoc test. The differences were considered significant if P Ͻ 0.05. Results from the two saline tests were pooled for each group for statistical analysis.
RESULTS
All animals included in the decerebrate group were found to have complete decerebrations. Decerebrate rats weighed 270 g Ϯ 7.0 at the time of surgery and 278 g Ϯ 6.7 at the end of the test period. Sham controls weighed 276 g Ϯ 12.9 and 313 g Ϯ 12.8 at the time of surgery and at the end of testing, respectively. Figure 1 shows that shams (n ϭ 4) increased milk consumption significantly above their saline intake in response to both 2DG and MA [F (2, 3) ϭ 46.2, P ϭ 0.001]. Shams consumed 14.5 Ϯ 0.65 ml of milk after saline injection (13.5 Ϯ 1.9 and 15.5 Ϯ 0.35 ml, respectively, in the first and second saline tests), 37.4 Ϯ 2.4 ml after 2DG and 33.3 Ϯ 2.8 ml after MA. Figure 2 shows that decerebrates (n ϭ 9) significantly increased their milk consumption in response to 2DG, but not to MA [F (2, 8) ϭ 24.1, P ϭ 0.001]. Decerebrates consumed 1.84 Ϯ 0.14 ml in response to saline (1.81 Ϯ 0.16 and 1.88 Ϯ 0.19 ml, in the two tests), 4.41 Ϯ 0.47 ml in response to 2DG, and 1.86 Ϯ 0.22 ml in response to MA. Because MA failed to increase food intake in decerebrates at 68 mg/kg, which in our hands is a highly reliable suprathreshold dose for stimulation of food intake, we conducted a more limited experiment using a lower and a higher dose of MA (46 mg/kg and 91 mg/kg, respectively). Sham controls (n ϭ 4) consumed 9.1 Ϯ 2.0 ml of milk in response to saline and 13.8 Ϯ 1.2, 13.5 Ϯ 1.9, and 15.6 Ϯ 1.7 ml in response to 46, 68, and 91 mg/kg MA, respectively. However, none of these doses increased intake above baseline levels (2.6 ml of milk) in the decerebrate rat (n ϭ 1), so the remaining decerebrate rats were not retested at these doses.
DISCUSSION
Decerebrate rats increased their milk consumption in response to 2DG-induced glucoprivation. This finding strengthens and extends previous results showing that insulin-induced hypoglycemia increases feeding in decerebrate rats (8) and is consistent with the assumption that feeding evoked by both 2DG and insulin-induced hypoglycemia is elicited by decreased intracellular glucose metabolism (41) . Although both basal and 2DG-stimulated milk consumption were much reduced in decerebrates compared with the intake of sham controls, both groups increased their intake by approximately the same percentage, compared with their own baseline responses (240% and 258%, respectively). In contrast to 2DG, MA did not increase consummatory feeding responses in decerebrate rats. Consummatory responses stimulated by MA thus appear to require projections descending from brain sites rostral to the level of decerebration, whereas 2DG is capable of stimulating consummatory reflex circuitry by actions within the hindbrain.
Decerebrate rats increased their intake in response to 2DG by the same percentage above their own baseline as in the controls. However, as noted, the absolute magnitude of both the baseline intake and the response in the decerebrates was much reduced compared with the control intakes. This same phenomenon has been reported previously in decerebrate rats (8) and is undoubtedly related to the loss of voluntary control of motor function in these rats, including loss of descending facilitatory control of ingestive reflexes from forebrain sites involved in motivation and appetitive responses and loss of their capacity to engage in or benefit from higher-order processing of sensory input from the hindbrain to forebrain sites (for a review, see Ref. 12) . Which specific pathways control responsiveness of consummatory feeding reflexes is not known.
The present results, indicating differences in the underlying neural organization of MA-and 2DG-induced feeding, are consistent with other data. MA-, but not 2DG-induced feeding, is eliminated by vagotomy (34) . Rather, receptors that detect glucoprivation and elicit feeding and other key glucoregulatory responses are present in the hindbrain (1, 8, 27, 30 ). In addition, hindbrain catecholamine neurons are required for glucoprivic feeding but not for the feeding response to MA (19, 28) . Lesions of the lateral parabrachial nucleus (6) or central nucleus of the amygdala (31) abolish MA-induced, but not 2DG-induced, feeding. Furthermore, GABA receptor antagonists in the accumbens shell and ventral tegmental area that reduce the feeding response to MA do not reduce 2DG-induced feeding (21) . Finally, MA and 2DG activate different hypothalamic peptidergic neurons (10, 11) . MA has been shown to increase expression of hypothalamic melanin-concentrating hormone mRNA, but not neuropeptide Y (NPY) or agouti gene-related protein mRNA, which are increased during glucoprivation (11, 40) . Our demonstration that decerebrate rats increase consummatory feeding in response to 2DG, but not MA, further sharpens the distinctiveness of these two metabolic controls.
Results of the present experiment indicate that the neural organization of MA-induced feeding differs fundamentally from the organization of the pathways mediating satiety effects of peripheral CCK. Effects of both MA (3, 33, 34, 38) and CCK (42-44) on food intake require vagal sensory neurons. However, vagal afferents mediating responses to CCK make connections in the hindbrain that are sufficient to modulate consummatory responses (9, 17) , whereas afferents mediating responses to MA apparently do not. Several brain sites rostral to the NTS that are activated by MA (29) and required for MA-induced appetitive feeding responses (6, 31) may be required for elicitation of consummatory responses to MA. Important brain regions involved with MA feeding include the NTS, lateral parabrachial nucleus, and central nucleus of the amygdala. Our decerebration protocol disconnects the amygdala from the hindbrain and may also cause collateral damage to the lateral parabrachial nucleus, which is proximal to the level of transection. Since the lateral parabrachial nucleus and the central nucleus of the amygdala are reciprocally interconnected with each other and with the NTS (37), their activation by vagal sensory input may control consummatory response circuitry via recurrent descending pathways to the hindbrain. The ventral tegmental area and the nucleus accumbens shell, structures of general importance for feeding and other motivated behaviors, have also been implicated in MA-induced appetitive feeding responses (21) but may facilitate consummatory responses as well. The hypothalamus is also likely to be involved in MA-induced feeding. Increased Fos expression in the paraventricular nucleus of the hypothalamus has been reported in response to reduced fatty acid oxidation by methylpalmoxirate (18) . However, MAinduced feeding is not impaired by electrolytic lesion of the paraventricular nucleus (6) or by NPY-saporin lesions in the basomedial hypothalamus (5). Clearly, additional investigation Fig. 2 . Consumption of intraorally delivered milk by sham control rats after saline (0.9%, 1 ml/kg), MA (68 mg/kg), or 2DG (200 mg/kg) administration in chronically maintained decerebrate rats. Decerebrates significantly increased their milk consumption in response to 2DG, but not in response to MA. This indicates that glucoprivation increases food intake, in part, by acting directly on hindbrain consummatory feeding reflex circuitry, while effects of MA on consummatory feeding require forebrain processing of afferent metabolic signals and intact ascending and descending neural pathways. Lines above bars indicate means Ϯ SE. *P Յ 0.001 vs. saline.
will be required to clarify and elaborate the contributions of the hypothalamus and other brain sites to MA-induced consummatory and appetitive feeding responses.
Perspectives and Significance
The physiological role of the lipoprivic control of feeding in overall energy homeostasis is unclear. However, it may be that this control adjusts macronutrient selection to assure appropriate caloric intake. Previous work with purified macronutrient diets showed that rats injected with MA increased their intake of protein and carbohydrate, but did not increase their intake of fat, even when it was the only caloric source available (32) . This response differed from the response to 2DG, which increased intake of all three macronutrients. This pattern of macronutrient selection suggests that the response to MA may require higher-order processing of taste and metabolic signals. A control that monitors ongoing metabolism and integrates taste and metabolic signals to appropriately adjust food choice may serve to enhance the animal's ability to fulfill its caloric and macronutrient requirements from diverse food sources. Additional work will be required to determine whether the lipoprivic control contributes to such a process. However, the dependence of this control on sites conveying both visceral sensory and taste information, including the nucleus of the solitary tract, the parabrachial complex, and the central nucleus of the amygdala, is compatible with this function (6, 29, 31, 34) . The pattern of reciprocal interconnectivity described for these critical sites (37) suggests that sensory integration is an important aspect of their function. If so, this would be consistent with the failure of the lipoprivic control to enhance consummatory feeding responses in decerebrate rats in which this type of processing cannot occur.
